Objectives. Imaging and pathology studies have established a close relationship between tophus and bone erosion in gout. The tophus is an organized structure consisting of urate crystals and chronic inflammatory tissue. The aim of this work was to examine the relationship between bone erosion and each component of the tophus.
Introduction
Bone erosion is a frequent complication of tophaceous gout. Imaging and pathology studies have established a close relationship between intraosseous tophus and bone erosion [13] . The tophus is an organized structure that consists of collections of MSU crystals and chronic inflammatory tissue [4] .
Conventional CT allows excellent visualization of tophi and is able to assess s.c. tophus volume in a reliable and reproducible manner [5, 6] . In addition to conventional CT properties, dual energy CT (DECT) allows non-invasive detection and measurement of urate [7] . Previous DECT analysis of tophus urate volumes showed that tophi of similar physical size may have marked variation in the amount of urate deposition [8] .
It is currently unknown whether the relationship between bone erosion and tophus occurs due to direct effects of MSU crystals or indirect effects of the chronic inflammatory tissue. The aim of this study was to examine the relationship between bone erosion and each component of the tophus using a combined analysis of plain radiography, conventional CT and DECT.
Methods
Ninety-two patients with tophaceous gout were prospectively recruited from rheumatology clinics, as previously described [9] . Inclusion criteria were gout according to the 1977 preliminary ARA classification criteria and at least one s.c. tophus on examination [10] . The Northern Regional Ethics Committee approved this study and all patients provided written informed consent. Clinical assessment, plain radiographs and DECT of both feet were obtained at a study visit on the same day.
Plain radiographs of the feet were scored by a rheumatologist with experience in scoring gout radiographs (N.D.) (Fig. 1) . The 10 MTP joints were scored for each participant (920 total joints). Each joint was scored for radiographic (XR) erosion according to the Sharpvan der Heijde erosion scoring method (scale 010) for RA, previously validated for gout [11] . The radiograph reader was blinded to the clinical features and CT results.
DECT scans of the feet were performed on a dual X-ray tube 128 detector row scanner (Somatom Definition Flash; Siemens Medical, Erlangen, Germany). The patients were positioned feet first in a supine position with the feet in a plantar flexed position. The scan was acquired in a craniocaudal direction, starting $5 cm from the ankle joint to the big toe tips. Both ankles and feet were scanned axially in one acquisition. All scans were performed with the same image protocol, acquisition at 128 Â 0.6 mm and pitch of 0.7. X-ray tube 1 was operated at 80 kV/260 mA and tube 2 at 140 kV/130 mA. The images were reconstructed on a bone algorithm, 512 matrix, also to a 0.75-mm slice with 0.5 mm increment. The images were viewed both as 0.75-mm slices and reconstructed 3-mm slices on a picture archiving communication system.
For the CT assessments, a reader (M.S.), who was blinded to all clinical features and XR scores, scored all MTP joints. The MultiModality Workspace workstation was used with syngo MMWP VE 36A 2009 software (Siemens Medical) to analyse the images. Each joint was scored for the presence of tophus using unreconstructed axial conventional CT images (window W = 600, L = 200). CT tophus was defined as a well-defined opacity, with density greater than that of surrounding soft tissue but less than that of bone [1] . The total tophus volume was calculated using a manual outlining method on the volume application of the workstation, with upper evaluation limit 3071 Hounsfield units (HU) and lower evaluation limit À1024 HU. After drawing freehand around the region of interest (the tophus) in multiple 2D slices, a 3D model of the entire tophus was generated and total tophus volume calculated ( Fig. 1) .
For assessment of urate deposition in each joint, dual energy CT images were analysed. For the 80 kV images, fluid was set at 50 HU, the ratio for urate at 1.28, minimum HU 150 and smoothing range 5. For the 140 kV images, fluid was set at 50 HU and maximum HU at 500. DECT urate volume within each joint was measured using automated assessment software on the volume application of the workstation, with upper evaluation limit À1 HU and lower evaluation limit À1024 HU (Fig. 1) . The minimum recorded volume for both CT tophus and DECT urate was 0.01 cm 3 . Tophus soft tissue volume at each joint was calculated by subtracting the DECT urate volume from the total CT tophus volume. Prior to commencing CT scoring, the reader (M.S., a rheumatology fellow) underwent training in conventional CT tophus and DECT urate measurement. Following this training, 50 individual joints were independently scored for presence and volume of tophus and urate by M.S., a musculoskeletal radiologist ( Data were analysed using Prism (v5, GraphPad, San Diego, CA, USA), SPSS Statistics (v21, IBM Corp., Armonk, NY, USA) and SAS (v9.4, SAS Institute Inc., Cary, NC, USA). The relationships between total tophus volume, urate volume and soft tissue volume were analysed using Spearman correlations. Differences between groups were analysed using MannWhitney tests. Logistic regression was used with general estimating equations to account for correlations between joints within an individual.
Hierarchical multiple linear regression analysis was performed to examine the relationship between urate volumes, soft tissue volumes and XR erosion score. The PROC CALIS procedure (SAS v9.4, SAS Institute Inc, Cary, NC, USA) was then used to construct a mediation pathway to XR erosion score. The pathway model was specified on the basis of clinical knowledge of the field and a desire to quantify the relationship (if any) between tophus volume and erosion score whilst ensuring that there were at least 10 observations for each parameter in the model. Total, direct or indirect standardized effect estimates of the causal association were calculated and Sobel's test was used to determine whether the indirect effect of the independent variable on the dependent variable through the mediator variable was significant. The multivariate normal assumption of the pathway analysis was tested using the normal option of PROC MODEL in SAS (Mardia's skewness test and kurtosis test and the HenzeZirkler test). All tests were two tailed and P < 0.05 was considered statistically significant.
Results

Clinical characteristics
The clinical characteristics are shown in Supplementary Table 1, available at Rheumatology Online. Briefly, participants were predominantly male (93%) with a mean (S.D.) age of 58 (40) years. Mean disease duration was 22 (14) years, mean number of s.c. tophi was 7.3 (7.1), and 75 (82%) were on allopurinol. The mean serum urate was 0.37 (0.11) mmol/l.
Imaging features
XR bone erosion was present at 261 (28.4%) joints. The mean (S.D.) XR erosion score was 1.2 (2.3) in all joints and 4.1 (2.5) in those with XR erosion. XR erosion was most common at the first MTP joint (146/184, 79.3%), followed by the fifth MTP joint (63/183, 34.4%), and XR erosion was least common at the fourth MTP joint (11/183, 6.0%) (Supplementary Table 2 , available at Rheumatology Online). XR erosion score was highest at the first MTP joint (Supplementary Table 2 , available at Rheumatology Online). There was no difference between left and right Tophus was present in 447 (48.6%) joints and tophus urate was present in 443 (48.3%) joints. Seven (8%) patients had no evidence of tophus or urate deposition at any MTP joint. The mean (S.D.) total tophus volume was 1.88 (4.25) cm 3 , tophus urate volume was 0.27 (0.80) cm 3 and tophus soft tissue volume was 1.61 (3.63) cm 3 . There was a strong correlation between total tophus volume and urate volume (r = 0.83, P < 0.0001), total tophus volume and soft tissue volume (r = 0.99, P < 0.0001) and urate volume and soft tissue volume (r = 0.81, P < 0.0001). Table 4 , available at Rheumatology Online). In mediation analysis, tophus urate volume and tophus soft tissue volume were directly associated with XR erosion score (Fig. 2) . The majority of this association was the direct effect from urate volume, although about a third of the association of urate volume with XR erosion score was indirectly mediated through the strong association between urate volume and soft tissue volume.
Discussion
This study shows that both the urate and soft tissue components of the tophus are strongly and independently associated with bone erosion in gout. These findings provide context to the recent laboratory studies examining the mechanisms of bone erosion in gout. Histological studies have shown reduced osteoblasts and numerous osteoclast-like cells at the tophusbone interface [12, 13] . Although MSU crystals have profound catabolic effects on osteoblasts and other stromal cells of the joint in vitro [13, 14] , they do not directly stimulate osteoclast formation [12] . Rather, MSU crystals alter the ratio of receptor activator of nuclear factor kB ligand (RANKL) to osteoprotegerin in stromal cells to favour osteoclastogenesis [12] . The tissue component of the tophus includes cells of the innate and adaptive immune systems and also osteoclastlike cells [4, 12] . RANKL-expressing T cells are also present within the tissue component of the tophus [15] . Pro-inflammatory cytokines, including IL-1 and TNF-a, are expressed within the tissue component of the tophus [4, 16] . As in other forms of erosive arthritis, these cytokines may contribute to bone erosion in gout by promoting osteoclastogenesis [17, 18] .
Study limitations include the cross-sectional design, which does not allow definitive conclusions about the whether the temporal relationship between urate deposition, soft tissue inflammation and bone erosion is stable over time or indeed that urate deposition or soft tissue inflammation precede bone erosion. It is possible that previous urate deposition may have contributed to development of bone erosion, but that this had resolved in response to urate-lowering therapy prior to acquisition of the images. Future prospective imaging studies will clarify the direction of this relationship and contribute to an understanding of the validity of these associations. The inability of DECT to detect very low density urate deposits (below 1520 vol%) may have led to an underestimation of the relationship of erosion and urate volume [19] .
In summary, these data suggest that tophi contribute to bone erosion in gout, both through direct MSU crystal effects and through indirect effects of chronic inflammatory soft tissue. The findings raise the possibility that a combined strategy of urate-lowering and antiinflammatory interventions may have benefits for bone erosion in gout.
FIG. 2 Summary of mediation analysis
Standardized path coefficients are shown (n = 92). The direction of the path analysis from urate volume to XR erosion score was pre-specified.
